The spatiotemporal regulation of three-dimensional (3D) genome dynamics has been implicated in various genome functions including gene transcription, DNA recombination, DNA replication, and DNA repair ([@ref2]). However, mechanistic studies to dissect the factors regulating genome dynamics and the causal roles of 3D genome structure in physiological processes have been significantly limited by experimental tools. Recently developed CRISPR/dCas9 genome labeling strategies allow the tracking of the particular genome regions in live cells ([@ref3]). Various approaches have been developed to amplify the labeling signals and to reduce the non-specific backgrounds ([@ref15]). In addition, dCas9 knock-in mouse strains were developed for tracking genome dynamics in live animals ([@ref13]). However, most of the current dCas9 imaging studies are limited to reveal or confirm the correlations between dynamics of particular genome regions and its potential physiological functions, while more mechanistic studies are still required. To directly test the causal roles of 3D genome positioning in regulating genome functions, a CRISPR-GO system was developed recently to alter the nuclear localization of dCas9-targeted genome loci ([@ref14]). On the other hand, the CRISPRii strategy was used to study the effect of silencing shelterin subunit on telomere dynamics *in vivo* ([@ref5]). Previous studies demonstrated that in combination with truncated gRNAs, the catalytically active Cas9 could also behave like dCas9 and lead to targeted activation and repression ([@ref4]; [@ref8]). We propose that such combination could also be used for genome labeling and extended for mechanistic study of factors regulating genome dynamics.

To test whether the truncation of gRNA ([@ref4]; [@ref8]) could be used together with wild-type Cas9 (wtCas9) for *in vivo* genome labeling and imaging, we adapted the recently developed CRISPRainbow system ([@ref9]) and replaced the dCas9 and full-length (22 nt) gRNA against human telomere repeats with wtCas9 and a 14-nt truncated gRNA lacking 5′ region, respectively ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). A mCherry-TRF1 fusion was co-transfected to label the telomeres in HEK293T cells at the same time ([@ref7]). The combination of wtCas9 and 14-nt telo-gRNA could efficiently and specifically label the telomeres in live cells ([Figure 1A](#f1){ref-type="fig"}; [Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). Importantly, comparing with the original CRISP Rainbow method, this 14-nt gRNA/wtCas9 combination showed similar numbers of telomere foci in each cell ([Figure 1B](#f1){ref-type="fig"}), which also well co-localized with mCherry-TRF1 ([Figure 1C](#f1){ref-type="fig"}) and showed similar signal-to-noise ratio ([Sup plementary Figure S2B](#sup1){ref-type="supplementary-material"}).

![Systematical study of the mechanistic factors regulating genome dynamics *in vivo* by CRISPRsie. (**A**) Either 14-nt telo-gRNA against telomere repeats plus Cas9 (upper panel) or standard 22-nt full-length telomere gRNA plus dCas9 (lower panel) were transfected together with MCP-GFP into HEK293T cells to label the telomeres. The mCherry-TRF1 expression plasmid was co-transfected. Scale bar, 10 μm. (**B**) Histograms of telomere-labeling efficiency in HEK293T represented by puncta numbers in individual nuclei. *n* = 30 for each sample. (**C**) Quantification of telomere-labeling specificity in HEK293T based on co-localization with mCherry-TRF1 signals. (**D**) Schematic view of CRISPRsie. (**E**) Representative images of telomere aggregates (indicated by arrows) in mouse livers injected with control gRNA, TRF1 gRNAs, and TRF1 gRNAs + human TRF1 expression cassette. Scale bar, 10 μm. (**F**) Quantification of telomere aggregates in mouse livers injected with control gRNA (*n* = 86), TRF1 gRNAs (*n* = 32), and TRF1 gRNAs + human TRF1 expression cassette (*n* = 24). Two-sided *t*-test was used for statistical comparison. \**P* \< 0.05. (**G**) The average MSD curves of telomeres in Cas9 knock-in mice injected with control gRNA (319 foci collected in 22 cells from three mice), TRF1 gRNAs (111 foci collected in 17 cells from three mice), and TRF1 gRNAs+hTRF1 (251 foci collected in 19 cells from three mice). The data are displayed as mean ± SE. (**H**) Quantifications of telomere aggregates in mouse livers injected with control (*n* = 86), TRF1 (*n* = 32), TRF2 (*n* = 57), TIN2 (*n* = 41), TPP1 (*n* = 32), RAP1 (*n* = 36), POT1a (*n* = 42), POT1b (*n* = 47), and POT1a + POT1b gRNAs (*n* = 30). Two-sided *t*-test was used for statistical comparison. \**P* \< 0.05; \*\**P* \< 0.01. (**I**) The average MSD curves of telomeres in Cas9 knock-in mice injected with different gRNA constructs: TRF2 gRNA (81 foci collected in 14 cells from three mice), TIN2 (126 foci collected in 19 cells from three mice), TPP1 (124 foci collected in 16 cells from three mice), RAP1 (139 foci collected in 20 cells from three mice), POT1a (130 foci collected in 16 cells from three mice), POT1b (143 foci collected in 19 cells from three mice), and POT1a + POT1b (91 foci collected in 12 cells from three mice). The data are displayed as mean ± SE.](mjz074f1){#f1}

To study the telomere dynamics in live animals, we delivered the telomere 14-nt gRNA and MS2 coat protein-green fluorescent protein (MCP-GFP) expression vector into Cas9 knock-in mouse ([@ref10]) liver by hydrodynamic injection ([@ref5]). After 48 h, the mice were anaesthetized, and liver lobes were exposured and imaged ([@ref5]). Similar as the labeling in HEK293T cells, the 14-nt telo-gRNA could also efficiently label the telomeres in hepatocytes of live mice, which co-localized with co-injected BFP-TRF1 fusion protein very well ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}).

In addition, major satellite repeats ([Supplementary Figure S4A and B](#sup1){ref-type="supplementary-material"}) and other single genomic loci such as one in X chromosome could also be labeled efficiently by truncated gRNAs in Cas9 knock-in mice ([Supplementary Figure S4C and D](#sup1){ref-type="supplementary-material"}).

We hypothesized that combining the truncated gRNA targeting telomere repeats and full-length gRNAs targeting individual genes together with Cas9 knock-in mice could be used to dissect the roles of mechanistic factors in regulating telomere dynamics and their spatial localization *in vivo* ([Figure 1D](#f1){ref-type="fig"}). The subunits of telosome/shelterin complex, such as TRF1, TRF2, and TIN2, play important roles in telomere length regulation and end protection ([@ref12]). We generated piggyback vectors carrying the telomere 14-nt gRNA and full-length gRNAs targeting coding exons of various genes, as well as MCP-GFP expression cassettes. For each gene, four gRNAs were cloned into the same vector to achieve efficient knockout ([@ref16]). Delivering such constructs with hybase expression vector in mouse liver by hydrodynamic injection could lead to target-inactivation of coding genes, while in the same hepatocytes, the telomeres could be labeled by telo-gRNA and MCP-GFP. Consistent with previous results obtained from TRF1 conditionally inactivated mouse liver ([@ref1]), injection of TRF1-targeting gRNAs resulted in significantly increased telomere aggregates in hepatocytes *in vivo*, in comparison with control gRNA-injected samples ([Figure 1E](#f1){ref-type="fig"} and [F](#f1){ref-type="fig"}). In addition, inactivation of TRF1 by sgRNAs also led to significantly increased telomere dynamics revealed by mean-squared displacement (MSD) analysis ([Figure 1G](#f1){ref-type="fig"}). Importantly, both telomere aggregation and increased dynamics could be rescued by overexpression of a human TRF1 cDNA ([Figure 1F](#f1){ref-type="fig"} and [G](#f1){ref-type="fig"}), which could not be targeted by mouse gRNAs. We then designed gRNAs to target-inactivate all individual telosome subunits. Inactivation of TRF1, TRF2, TIN2, TPP1, as well as POT1a, showed similarly increased telomere aggregations, while inactivation of RAP1 and POT1b did not significantly differ from control gRNAs ([Figure 1H](#f1){ref-type="fig"}). Inactivation of individual telosome subunits also led to different alterations of telomere dynamics ([Figure 1I](#f1){ref-type="fig"}; [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}), which is not completely the same as the telomere aggregation phenotypes. Two functional distinct POT1 orthologs (POT1a and POT1b) have been identified in mouse. However, different from the results obtained in mouse embryonic fibroblasts ([@ref6]), our data suggested that POT1a and POT1b synergistically regulated the telomere dynamics, while POT1a but not POT1b was mostly responsible for suppression of telomere fusion.

Here, we demonstrated that truncation of the 5′ region of gRNA could freeze the Cas9/gRNA/target complex in the cleavage-inactive intermediate state ([@ref11]), which represents a new strategy for *in vivo* genome labeling and imaging. In addition, combining such truncated gRNA targeting telomere repeats and full-length gRNAs targeting individual candidate genes with Cas9 knock-in mice, the CRISPR simultaneously imaging and editing (CRISPRsie) strategy directly compared the roles of telosome/shelterin proteins in regulating telomere dynamics in live animals. Such method could be expanded to *in vivo* study the mechanistic factors regulating chromosome dynamics of other genomic regions in different tissues and cell types during physiological processes, such as X-chromosome inactivation and transcription regulation.
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